Abstract. Polymer flooding, as one of the Enhanced Oil Recovery (EOR) methods, has been adopted in many oilfields in China and some other countries. Over 50% oil remains undeveloped in many oil reservoirs after polymer flooding. It has been a great challenge to find approaches to further enhancing oil recovery when polymer flooding is over. In this study, a new method was proposed to increase oil production using gas flooding with wettability alteration to gas wetness when polymer flooding has been completed. The rock wettability was altered from liquid-to gas wetness during gas flooding. An artificial oil reservoir was constructed and many numerical simulations have been conducted to test the effect of wettability alteration on the oil recovery in reservoirs developed by water flooding and followed by polymer flooding. Production data from different scenarios, water flooding, polymer flooding after water flooding, gas flooding with and without wettability alteration after polymer flooding, were calculated using numerical simulation. The results demonstrate that the wettability alteration to gas wetness after polymer flooding can significantly enhance oil recovery and reduce water cut effectively. Also studied were the combined effects of wettability alteration and reservoir permeability on oil recovery.
Nomenclature k rnw Relative permeability of nonwetting phase k rw Relative permeability of wetting phase k x Absolute permeability of the reservoir in X direction k y
Absolute permeability of the reservoir in Y direction k z
Absolute permeability of the reservoir in Z direction NX Number of cells in X direction NY Number of cells in Y direction NZ Number of cells in Z direction P cog Oil-gas capillary pressure P cow Oil-water capillary pressure P cwg Gas-water capillary pressure S
Introduction
Within the past decades, polymer flooding, as one of the Enhanced Oil Recovery (EOR) techniques, has been conducted successfully across many oil fields in the world. As early as 1972, Bondor et al. (1972) studied the effect of polymer flooding in complex reservoirs by mathematical simulation. Kazemi et al. (1976) developed a three-dimensional, multiple-well, numerical simulator for simulating single-or two-phase flow of water and oil for fractured reservoirs. Polymer flooding can yield a significant increase in oil recovery. Aluhwal and Kalifa (2008) researched the method of improving oil recovery by polymer flooding in a Malaysian reservoir. Hydrophobically associating polyacrylamide (HAPAM) is considered to be a promising candidate for polymer flooding, and many scholars have done some research work. Zhang et al. (2015) found under certain conditions, HAPAM can establish a higher resistance factor and residual resistance factor. Wang et al. (2002) studied the experiences after production of more than 300 million barrels of oil by polymer flooding in Daqing Oil Field. The oil recovery by polymer flooding was nearly 10% higher than that of water flooding for many reservoirs. Jennings et al. (1971) proposed Viscoelastic behavior provides a basis for a convenient measure of the mobility control activity of some polymers. Paul et al. (1982) survey on polymer flooding projects for a thorough evaluation of EOR methods. Needham and Doe (1987) focused on case histories where full-scale polymer floods were applied. Falode and Afolabi (2011) found that there is a gradual reduction in polymer adsorption with increase in reservoir brine hardness. Jamaloei et al. (2012) quantified the effect of viscous instability at varying salinities of the displacing non-wetting phase in the presence of the adverse mobility ratio. However, at the later production period of polymer flooding, the oil recovery was no longer increasing significantly. Furthermore, the residual oil distribution after polymer flooding was highly heterogeneous. Therefore, the further development of such reservoirs has become a big challenge due to high water cut, severe heterogeneity and highly dispersed residual oil.
Currently, the technique for enhancing oil recovery after polymer flooding is of practical importance to petroleum industry. In recent years, more attention has already been paid to this area. For instance, Cheng et al. (2010) evaluated the remaining oil distribution after polymer flooding. Dai et al. (2010) conducted the research on reutilization technology of residual polymer in formation after polymer flooding. Hou et al. (2012) proposed and investigated the foam flooding EOR technique after polymer flooding. Liu and Li (2011) conducted chemical analysis and physical simulation experiments to take charge of the residual polymer to conquer water breakthrough and enhance oil recovery after polymer flooding. Xie et al. (2009) conducted numerical simulation of oil recovery after cross-linked polymer flooding. Verga et al. (2017) used core-shell technology to help improve the effectiveness of waterflooding interventions. Valavanides (2018) used the DeProF true-to-mechanism theoretical framework to reveal the effects of underlying flow mechanisms in immiscible steady-state two-phase flow in porous media. However, these methods have their limitations to some extent and their effects of enhancing oil recovery are not quite significant. Therefore, it is worthy of searching for a good technique to enhance oil recovery after polymer flooding.
Some researchers carried out the experiments of wettability alteration to verify its effect on enhancing oil recovery. Lenormand et al. (1997) evaluated the effect of wettability and heterogeneity on oil recovery by numerical simulation. Murata (1981) proposed a method to estimate the coal wettability. Masalmeh (2003) studied wettability heterogeneity effects at the core or pore scale. Qiao et al. (2012) investigated the interfacial tension behaviors of a series of surfactants and the influencing factors of producing ultra-low interfacial tension. Zhang et al. (2006) studied the wettability alteration in chalk to help improve oil recovery. Li and Firoozabadi (2000) put forward the concept of wettability alteration to gas wetness and successfully altered the wettability of porous media from preferential liquid-to gas-wetting by using chemicals. Later, more attention has been paid to the effect of wettability alteration to gas wetness on oil and gas production. studied the method of enhancing gas-condensate production by wettability alteration to gas wetness. Liu et al. (2006) conducted experiments in laboratory and improved production in gas reservoirs by wettability alteration to gas wetness. Su et al. (2010) found intermediate wettability is the most favorable to enhance oil recovery. Ma et al. (2011) conducted experiments for enhanced oil recovery with wettability alteration to gas wetness. Ren et al. (2008) expand the application of wettability reversal agent in low permeability and bottom water oil reservoir. In the field of numerical simulation, wettability is coupled with capillary pressure and relative permeability. Kou et al. (2010) studied the impact of capillary pressure on oil production by numerical simulation. According to current theoretical studies, wettability alteration has a positive effect on improving oil and gas production.
The oil recovery, as mentioned previously, was almost no longer increasing at the later production period of polymer flooding. One question arises: what other technologies could be utilized for EOR after polymer flooding? To answer this question, we propose the method of wettability alteration to gas wetness after polymer flooding in this paper. The process of gas flooding with wettability alteration after polymer flooding has been simulated by using a commercial software. The factors of affecting oil recovery have also been analyzed. The results demonstrate that wettability alteration could enhance oil recovery remarkably after polymer flooding.
Theoretical background
This research was to model the designed displacement processes with a professional numerical simulator, which is a commercial finite differences simulator widely used in the petroleum industry. All simulations were conducted using black oil model in the commercial software mentioned previously. The model has been kept as simple as possible: The grid was set up as a Cartesian grid (NX = 50, NY = 1, NZ = 10). The size of the reservoir model was 750, 75, and 120 feet in the x, y, and z directions respectively (x = 750 ft, y = 75 ft, z = 120 ft). Table 1 gives an overview of all important Figures 1-4 respectively. The reservoir model was nearly homogeneous. The oil-water and oil-polymer relative permeability data shown in Figure 1 , including the capillary pressure data shown in Figure 2 , were chosen and determined according to the experimental data obtained from the research associated with the paper by Li et al. (2014) . It is reasonable that the residual oil saturation by polymer flooding was less than that by routine water flooding.
The capillary pressure data shown in Figure 3 and the relative permeability data shown in Figure 4 before and after wettability alteration were established based on the experimental data obtained from the research associated with papers (Li and Firoozabadi, 2000; Li and Horne, 2005) .
During the simulation, the change in wettability of the rock was modeled by altering capillary pressure and relative permeability. In order to ensure the stability of initial pressure and saturation, equilibrium initializations of these parameters were used to define the initial state. End-point scaling option was active to define values for saturations in the saturation tables describing the flow of the reservoir fluids. The variation in the relative permeabilities of different displacement processes was considered. Figure 5 shows the geometry of the numerical model.
Description and application of processes
On the basis of above model, we compared the performance of four different displacement processes. The four processes, referred as to Case 1, Case 2, Case 3, and Case 4, are expressed respectively as follows:
Case 1: water flooding (6000 days); Case 2: water flooding (1000 days) + polymer flooding (5000 days); Case 3: water flooding (1000 days) + polymer flooding (2000 days) + gas flooding (3000 days); Case 4: water flooding (1000 days) + polymer flooding (2000 days) + gas flooding with wettability alteration to gas wetness (3000 days).
In the following sections, WF stands for water flooding, PF stands for polymer flooding, GF for gas flooding, and GFWA for the process of gas flooding with wettability alteration to gas wetness.
In order to verify the effect of oil-gas relative permeability (wettability) on production performance, we also compared production results of five different relative permeabilities. For comparison, we calculated five sets of oil-gas relative permeabilities by using the Brooks-Corey (1966) and Purcell (1949) model. The relative permeability data of nonwetting phase were determined with equation (1) and the relative permeability of wetting phase were computed with equation (2). The results are shown in Figure 6 . 
Note that the reason for calculating the relative permeability data of nonwetting phase and the wetting phase was analyzed by Li and Horne (2006) .
The capillary pressure curves before and after wettability alteration to gas wetness are shown in Figure 7 . Other parameters remain constant.
Presentation of data and results
Numerical simulations were conducted using the above data. Note that the initial water saturations were 25% for the water flooding and constant flow rates were used. In this section, the results of the numerical simulation will be presented. In addition, the influential factors of the four processes will also be discussed. Figure 8 illustrates the oil recovery of WF and WF + PF. A polymer slug was injected into the reservoir after water flooding for 1000 days. As expected, the effect of polymer flooding is significant. Oil recovery with PF increases by more than 10%. Comparing with the process without injecting polymer, it has higher oil production and lower water cut, which means polymer flooding can effectively reduce mobility ratio of water-oil, and ultimately enhance oil recovery.
Comparison of four displacement processes
Oil recovery and oil production rate of the designed four displacement processes are illustrated in Figures 9 and 10 , respectively. The effects of polymer flooding and gas flooding on oil recovery are obvious, as shown in Figure 9 . Ultimate oil recovery of the process with wettability alteration (WF + PF + GFWA) is more than 80%, which is much greater than that of the other three processes. Figure 10 shows the oil production rates of the four processes. It can be seen that oil production rates of the two processes with gas flooding (WF + PF + GF and WF + PF + GFWA) increase swiftly in the early period, especially the process with wettability alteration to gas wetness (WF + PF + GFWA). The highest rate is up to about 25 stb/day. While at the later period, the oil production rates of gas flooding (WF + PF + GF and WF + PF + GFWA) decrease sharply, and the differences among the four processes become smaller as well.
One can see from the above results that both gas flooding with and without wettability alteration after polymer flooding increase oil recovery effectively, especially the process with wettability alteration to gas wetness. Besides, the oil production rate increases significantly as well. Due to the wettability altered from preferential liquid-wetting to preferential gas-wetting, capillary pressure may become the driving force of gas flow, and the gas phase, as the wetting phase, may occupy the area closer to the rock surface. This may eventually improve the production performance after polymer flooding.
Production performance of different oil-gas relative permeabilities
In this section, we present the oil production results using five different sets of relative permeability curves. The results, from numerical simulation, include oil recovery, cumulative liquid production and oil production rate, as shown in Figures 11-13 . We can see from Figure 11 that the effect of relative permeability (wettability) on production performance is significant. With the increasing of relative permeability, i.e., wettability is altered from preferential liquid-wetting to Before wettability alteration
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K. Li et al.: Oil & Gas Science and Technology -Rev. IFP Energies nouvelles 73, 33 (2018) preferential gas-wetting, oil recovery is gradually enhanced. The highest final recovery with wettability alteration is about 15% over the recovery without wettability alteration. Figure 12 shows the oil production rates of the five different sets of relative permeabilities. It can be seen that the oil production rates increase obviously after wettability alteration to gas wetness. The stronger the preferential gas-wetting of rock wettability, the more swiftly the oil production rates increase. At the later period, oil production Before wettability alteration After wettability alteration 1
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Comparison of oil production rates with different oilgas relative permeabilities. K. Li et al.: Oil & Gas Science and Technology -Rev. IFP Energies nouvelles 73, 33 (2018) rates begin to decrease, and the differences among the five sets become small. Figure 13 demonstrates the cumulative liquid production of the five sets of relative permeabilities. Considering the wettability altered from preferential liquid-to gas-wetting, capillary pressure becomes the resistance force for water flow. Therefore, water production decreases while the oil recovery increases, which explains the cumulative liquid production have less significant differences among the five sets of relative permeabilities.
As an overall outcome, it can be seen that the effect of wettability on production performance is significant, and wettability alteration from liquid-to gas-wetness can effectively enhance oil recovery. The gas flooding with wettability alteration after polymer flooding can help reduce water cut and improve well deliverability.
Sensitivity analysis of the reservoir permeability
In this section, we conducted sensitivity analysis of permeability. Oil recoveries for five different permeabilities were compared. Table 2 illustrates the data of reservoir permeabilities. The oil recoveries for different permeabilities with and without wettability alteration are shown in Figures 14  and 15 .
One can see from Figures 14 and 15 that the oil recoveries increase with the reservoir permeabilities but not significantly. The results demonstrate that the effect of permeability on oil recovery is relatively small, especially after wettability alteration. Note that whatever permeability it is, the increase in oil recovery with wettability alteration is similar, which implies that permeability may not change the effect of wettability alteration on oil recovery.
Conclusion
The following conclusions may be drawn according to the results obtained in the present study: -The oil recovery by gas flooding with wettability alteration to gas-wetness after polymer flooding could be increased about 10%. -The effect of permeability on oil recovery is relatively small in different cases in which wettability was changed to gas wetness. -Considering the effect of wettability on production performance and the high water-cut situation, gas flooding with wettability alteration to gas wetness after polymer flooding may be a good choice for oil reservoirs currently under polymer flooding. After wettability alteration 4
Before wettability alteration Fig. 13 . Comparison of cumulative liquid production with different oil-gas relative permeabilities. Fig. 15 . Oil recoveries for different reservoir permeabilities with wettability alteration to gas wetness.
